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Abstract
Quantitative characterization of the spatial structure of single photons is essential for free-space quantum
communication and quantum imaging. We introduce an interferometric technique that enables the
complete characterization of a two-dimensional probability amplitude of a single photon. Importantly,
in contrast to methods which use a reference photon for the phase measurement, our technique relies
on a single photon interfering with itself. Our setup comprises of a heralded single-photon source with
an unknown spatial phase and a modified Mach-Zehnder interferometer with a spatial filter in one of
its arms. The spatial filter removes the unknown spatial phase and the filtered beam interferes with
the unaltered beam passing through the other arm of the interferometer. We experimentally confirm
the feasibility of our technique by reconstructing the spatial phase of heralded single photons using the
lowest order interference fringes. This technique can be applied to the characterization of arbitrary pure
spatial states of single photons.
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1 Introduction
Figure 1: (a) Schematic representation of the ex-
periment. An incoming beam of single photons
with an unknown spatial phase profile is split at
a beam splitter BS1 and the resulting beams go
through the two arms of a Mach-Zehnder inter-
ferometer. In the upper arm, the spatial struc-
ture of the photons is erased when the beam
passes through a spatial filter which produces
the reference beam ψr(x, y). The unknown and
reference beams are combined at beam splitter
BS2 and photons are registered with the help
of the single photon sensitive camera. The spa-
tial phase profile of the unknown beam is re-
covered from the recorded interferogram. (b)
Stack of captured frames with single photon de-
tection events visible as bright spots. (c) The in-
terferogram (simulated) is obtained by creating a
2D histogram of the positions of photodetections.
The two-dimensional spatial phase profile of a
single photon [1, 2] is an important resource for free-
space quantum optical communication [3, 4, 5, 6, 7]
as well as quantum computing [8]. It is also useful
for quantum imaging [9, 10, 11, 12, 13, 14] and met-
rology [15, 16, 17]. However the complete charac-
terization of the two-dimensional spatial structure
of a single photon is a challenging task due to its en-
tirely indeterminate global phase [18]. Earlier, char-
acterizing the spatial phase profile of single photons
has been tackled using either tomographic tech-
niques [19] or weak measurement approaches [2, 20].
Nonetheless, these methods are not as straightfor-
ward and precise as the ones relying on interfero-
metry.
In a recent work [21], difficulties of retrieving
the spatial phase profile of a single photon beam
have been overcome ingeniously by using Hong-Ou-
Mandel interference [22]. The unknown photon
with an arbitrary spatial phase profile was over-
lapped with a reference photon of a constant phase
profile. In that scheme, the reference photon has
to be identical in all of its degrees of freedom, ex-
cept the spatial one, to the photon of unknown spa-
tial phase. Therefore, the experimental preparation
of the reference photon becomes challenging. Our
method, which is analogous to the classical holo-
graphy techniques [23], offers a way of character-
izing the spatial phase of the single-photon beam
in spite of its indeterminate global phase. Prelim-
inary results of this work have been presented at
conferences [24, 25]. Contrary to the previous ap-
proach [21] and its recent generalization to mixed
states [26], which use two-photon interference [27],
we use single-photon interference [27, 28].
We present an interferometric system, illustrated
in Fig. 1a, to reconstruct the unknown spatial
phase φ(x, y) of a single photon beam charac-
terized by the probability amplitude, ψu(x, y) =
|ψu(x, y)|eiφ(x,y). In one of the arms of the Mach-
Zehnder interferometer, we place a spatial filter so
that the photon after filtering carries only a con-
stant phase profile. In this way we create the ref-
erence beam characterized by a probability amp-
litude ψr(x, y) = |ψr(x, y)|eiφ0 , where φ0 is a con-
stant phase. The unknown and the reference beams
are overlapped at a beamsplitter BS2. Finally, we
detect single photons’ positions with a spatially
resolving detector and after accumulating many
photodetections (Fig. 1b), we obtain the interfero-
gram (Fig. 1c):
|ψ(x, y)|2 = |ψu(x, y) + ψr(x, y)|2
= |ψu(x, y)|2 + |ψr(x, y)|2
+ 2|ψu(x, y)| × |ψr(x, y)|
× cos(φ(x, y)− φ0).
(1)
Note that, the last term in the above equation con-
tains the information of the spatial phase profile
φ(x, y) of the unknown photon. We reconstruct the
unknown phase of the single-photon beam by using
Fourier off-axis holography [29].
2 Results
In our experiment, in order to prepare beams
with unknown spatial phase profiles we insert the
following phase masks into a heralded single photon
beam: a spherical lens, a spiral phase plate and a
cylindrical lens. The quantitative analysis for re-
constructing the spatial phase profiles of the beams
is then realized using separate measurements for
each of the aforementioned cases. This process is
carried out by examining the interferograms that
result from registering a total of 1× 107− 2.5× 107
heralded single photons on an intensified sCMOS
camera [30], with about 200 to 600 photons being
detected in 1 s.
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Figure 2: (a) and (d) recorded interferograms for 2D quadratic and spiral phases respectively; (b)
and (e) the corresponding reconstructed phases; (c) plots of the theoretical quadratic phase (blue
solid line) and the reconstructed phase (dots) averaged over middle 50 columns of the plot in b with
standard deviation in case of spherical phase mask applied. In the middle part, standard deviation
is smaller than 2pi150 ; (f) plots of the reconstructed phase in case of spiral phase mask with standard
deviations versus the azimuthal angle α and a fitted linear function.
The recorded interferograms for 2D quadratic
and spiral phases are shown in the first column of
Fig. 2 (Fig. 2a and Fig. 2d) while their correspond-
ing 2D-reconstructed phases are presented in the
second column of Fig. 2 (Fig. 2b and Fig. 2e). The
details of the phase reconstruction algorithm have
been described in the Methods section B. In order
to estimate the statistical uncertainties of the recon-
structed phase and intensity, we use a simulation:
We repeat the phase retrieval process 1000 times,
each time drawing the photon number at every pixel
from a Poisson distribution with the mean given by
the number of photons detected at this pixel. From
all of the 1000 reconstructed phases, we are finally
able to estimate the mean and the uncertainty of
the phase at each pixel. The single pixel uncertain-
ties of the reconstructed 2D phases are below 2pi30
and 2pi50 for the 2D quadratic phase and spiral phase
in the region with a radius of 50 pixels with max-
imum visibility and photon count rate. In Fig. 2c,
we plot the values of the reconstructed 2D quad-
ratic phase averaged over the middle 50 columns
of Fig. 2b with the statistical uncertainties obtained
from the numerical simulation. The theoretical plot
is also shown (Fig. 2c - blue line). In the middle
part, the standard deviation is smaller than 2pi150 .
Here the plot shows an excellent agreement with
the theory although the accuracy of our technique
is limited by the systematic errors rather than the
statistical uncertainties. As expected for the spiral
phase plate, Fig. 2f shows that the reconstructed
phase depends linearly on the azimuthal angle.
Lastly, Fig. 3a and Fig. 3b represent the recorded
interferogram and the corresponding reconstructed
phase when 1D quadratic phase mask is applied.
The single pixel uncertainty of the reconstructed
2D phase Fig. 3b is below 2pi50 in the region with a
radius of 50 pixels. Fig. 3c shows the plots of the re-
constructed phase and intensity profile of the single
photon beam. Each point here represents an aver-
age over 50 pixels from the middle of Fig. 3b. In ad-
dition to that, we plot the theoretical phase (Fig. 3c
– blue line), which in the case of the 1D quadratic
phase can be represented by φ(x) = pix
2
λf , where λ
is the wavelength of the photon and f is the focal
length of the cylindrical lens which is used as a 1D
quadratic phase object. Plot in Fig. 3c shows good
agreement between the theoretical and our recon-
structed phase. The data analysis requires an ex-
tra linear phase to be introduced between the refer-
ence and unknown beam in the interferometer (See
Methods B for more information). The interference
visibility in the case of 2D quadratic, spiral and 1D
quadratic phases are approximately 69%, 78%, and
77% respectively.
3 Discussion
In summary, we introduced a self-referenced in-
terferometeric technique that can be used to recon-
struct both the spatial phase and the amplitude
profile of an unknown single photon beam. Our
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Figure 3: (a) Measured interferogram with 1D
quadratic phase, (b) Retrieved phase, (c) Re-
trieved phase and amplitude with uncertainty
and error-bars. The error-bars are scaled to 3
times their actual value for the retrieved phase
and 5 times for intensity. There is a theoretical
plot for comparison of retrieved phase based on
φ(x) = pix
2
λf ; λ is the wavelength of the photon
and f is the focal length of the cylindrical lens
used as a 1D quadratic phase object. In all the
plots, x and y denote the positions at the plane
A (Fig. 4).
method does not require a reference photon which
makes our approach robust and straightforward to
implement. Moreover, in contrast to methods re-
lying on the measurements of two-photon probabil-
ity distribution (e.g. [21]), our technique does not
require coincidence detection. As a consequence,
self-referenced holography is significantly simpler
technically and can tolerate more losses. The cur-
rent implementation of our method is susceptible
to interferometric phase fluctuations. This diffi-
culty could be eliminated by using common path
designs [23]. In applications in which the loss in-
troduced by the spatial filter cannot be tolerated,
shearing interferometry [31] could be used instead
of spatially filtered reference.
Our method is not limited to only one-
dimensional phase reconstruction and can charac-
terize any single photon beam with an unknown
pure spatial state including orbital angular mo-
mentum modes [32, 33]. Because of its simplicity,
this measurement scheme has the potential for mul-
tiple applications in the fields of quantum commu-
nication and imaging. Similar techniques can be
used to characterize the spectral degrees of free-
dom of photons [34]. In addition, analogous tech-
niques might also find applications in matter wave
interferometry [35, 36]. It would be interesting to
study whether our method might be generalized to
mixed [26] or entangled states.
4 Methods
4.1 Experimental design
The experimental setup is depicted in the Fig. 4.
Heralded single photons are prepared via collinear,
type-II spontaneous parametric down conversion
(SPDC) process [37] in a PPKTP nonlinear crys-
tal pumped with a 405 nm laser beam of approxim-
ately 120 mW from a continuous wave diode laser.
Both signal and idler photons generated as a pair
are of the same central wavelength (810 nm) but or-
thogonal polarization. The two photons are separ-
ated at a polarizing beam splitter (PBS), spectrally
filtered by an interference filter of 3 nm FWHM,
and spatially filtered by coupling into a single mode
fiber (SMF). An avalanche photo-diode (APD) re-
gisters one of the photons from the pair produced
in SPDC and generates a short TTL pulse. This
pulse is used to trigger our custom-built intensified
sCMOS (IsCMOS) camera [30] using a gating mod-
ule (Photek GM300-3N) with a mean trigger rate of
200 kHz to herald the other photon from the pair
which we use as our heralded signal. The signal
photon is then transmitted through a 20 m long
spool of a single mode fiber to synchronize the gat-
ing time of the image intensifier and the arrival of
the signal photon by compensating the processing
time of the APD and IsCMOS.
In order to prepare the single photon beam with
an unknown spatial phase profile, we place a phase
mask in plane A (Fig. 4a.). We perform several
experiments with different phase masks applied to
the single photon beam. We imprint a 2D quad-
ratic phase and a spiral phase by placing a spher-
ical lens with a focal length of 125 mm and a spiral
phase plate respectively in the plane A. Similarly we
imprint a 1D quadratic phase profile to the single
photon beam by placing a cylindrical lens of focal
length 75 mm in a distance of 17 mm before plane A.
In this case, due to the extra propagation, the phase
profile in the plane A is equivalent to the phase cre-
ated by a cylindrical lens with a focal length of 58
mm.
The beam of single photons with a spatial phase
enters the Mach-Zehnder interferometer. Both the
arms of the interferometer consist of 4f imaging sys-
tems using lenses L2, L3 with a 1.6 magnification
factor, where the object and the image planes of
the 4f-systems of both arms are the planes A and C
respectively. In one arm, lenses L2 and L3 with a
pinhole placed in plane B, the Fourier plane of the
4f system [38], are used as a spatial filter removing
3
Figure 4: Experimental set-up for a self-referenced measurement of a spatial structure of a single
photon beam with an unknown phase profile. (a) Preparation of an unknown single photon beam
ψu(x, y). Orthogonally polarized collinear photons signal and idler generated in SPDC type-II
process in a Nonlinear PPKTP crystal, L-lens with focal length of 300mm; after passing through a
F1-long pass filter get separated by the PBS - polarization beam splitter, F - filter transmitting 810
nm ± 5 nm, FC - optical fibre coupler; Photons are transmitted through the SMF - single-mode
fibre, λ2 -half wave plate,
λ
4 -quarter wave plate, plane A-phase imprinting plane APD - Avalanche
photo-diode; (b) Preparation of the reference beam ψr(x, y). M - mirrors; L1, L2 - lenses with
focal lengths of 150 mm, 250 mm respectively; PH - pinhole of size 200 µm, plane B - intermediate
plane of 4f system; plane C -image plane of 4f system (c) Measurement. L3 - 125 mm; IsCMOS
- Intensified sCMOS camera, it consists of a II - image intensifier, RL - Relay lens and a sCMOS
camera (Andor Zyla 4.2). Plane D - Image plane on the camera, FPGA - field-programmable gate
array, GM - gating module.
higher spatial frequencies. After passing through
the pinhole, the beam can be approximated by a
Gaussian beam and can act as a reference beam.
For some phases (e.g., the spiral phase), the beam
to be characterized contains only higher spatial fre-
quencies and because of that, the pinhole would
block all the light in the filter arm. In such a situ-
ation, the pinhole has to be shifted transversely to
maximize the transmission through the arm with
the spatial filter. As a result of the shift, the ref-
erence beam acquires an extra linear phase which
does not affect the reconstructed phase.
The polarizations of the reference and signal
beams are orthogonal. Therefore, in order to ob-
serve interference of these beams we overlap them
spatially at PBS4, rotate their polarization using
waveplates and project their polarization onto a lin-
ear polarization using PBS5 (Fig. 4b,c). Simultan-
eously plane C is imaged by L4 lens onto the plane D
– the photo-cathode of the image intensifier. Each
of the photons, that illuminate the image intens-
ifier, has a chance to eject a photoelectron which
produces a macroscopic charge avalanche, which in
turn generates a bright flash at the phosphor screen
located at the back of the image intensifier. These
bright flashes are finally imaged onto the sCMOS
sensor by a relay lens composed of two photographic
objectives (Fig. 4c.). We use our camera in the
photon counting mode in which, we fit a Gaussian
function to each flash detected by the sCMOS cam-
era and store its central position [39]. In this way,
we can eliminate the readout noise of the sCMOS
sensor and achieve sub-pixel spatial resolution.
In our experiment, the sCMOS sensor is set to
have an acquisition rate of 9Hz with a region of in-
terest of 1000 px×1000 px. The image intensifier is
opened for approximately 20 ns after each trigger.
In the case of two trigger signals appearing closer
than 3 µs apart, the gating module starts operating
randomly independent of the appearing signal rate.
Therefore, in order to meet the technical require-
ments of the gating module, we introduce an FPGA
that discriminates the second signal whenever there
are two triggers arriving very close to each other.
This setup lets us maximize the photon count rate
and make sure that the photons detected by the
camera are indeed heralded. In our measurement,
the rate of dark counts is around 25 Hz. Another
source of noise can be accidental coincidence counts,
i.e. detection of photons that are not heralded but
reaches the image intensifier during the gate open-
ing time. The accidental coincidence rate is up to 3
4
Hz. However, it is, in fact, possible to increase the
SNR by using an image intensifier that allows for
shorter gate lengths since this results in minimiz-
ing the dark counts as well as accidental coincident
counts without reducing the signal level.
4.2 Fourier off-axis holography
In our experiment, after the interferometer, the
beams are made to be slightly tilted with respect to
each other and overlap only at the 4f image plane
and final imaging plane (planes C and D in Fig 4).
The goal of introducing a tilt between the inter-
fering beams is to add a linear phase to the inter-
ferogram, which is required for the data analysis.
A reference measurement of the linear phase which
needs to be subtracted at the end of the phase re-
construction, simplifies the analysis of the measured
interferograms.
We begin with the first order interferogram recor-
ded by collecting the positions of the accumulated
photons, presented in Eq. (1). The spatial phase
profile of the unknown photon, φ′(x, y) can be rep-
resented as
φ′(x, y) = (a1x+ a2y) + φ(x, y), (2)
where (a1x + a2y) denotes the linear phase intro-
duced in the interferometer and φ(x, y) represents
an arbitrary phase that we want to reconstruct.
The first step in the analysis is the 2D Fourier
transform of the collected data. In accordance with
the properties of the Fourier transform, the addi-
tion of a linear phase results in splitting the phase-
dependent part of the signal with respect to the
center of the Fourier plane.
Fourier transform of Eq. (1) gives
F [|ψ(x, y)|2] = F [|ψph−ind(x, y)|2]
+F [p(x, y)](kx + a1, ky + a2)
+F [p∗(x, y)](kx − a1, ky − a2),
(3)
where p(x, y) = |ψu(x, y)| × |ψr(x, y)| ×
exp (−iφ(x, y)) and ψph−ind(x, y) contains only
phase-independent parts. Eq. (3) reflects the fact
that both of the phase-dependent terms convey the
same information about phase to be retrieved.
The value of the linear phase has to be high
enough to enable the separation of the three parts
of Eq. (3) in the Fourier domain. By filtering in
the Fourier domain we are able to keep only one of
the three terms from Eq. (3). Note that, we do
not lose any information about the phase. As a res-
ult of this analysis, we end up with F [p(x, y)](kx +
a1, ky + a2) whose inverse Fourier transform leads
to |ψu(x, y)| × |ψr(x, y)| × exp(iφ′(x, y)). It is then
possible to retrieve phase φ′(x, y) by extracting the
argument of the complex number of each pixel. To
calculate the final result from the wrapped phase
we use the 2D phase-unwrapping algorithm [40]. It
must be kept in mind that the extra linear phase
has to be removed. In order to do so, we repeat
the whole procedure for the reference measurement
with no object and thus retrieve the linear phase,
(a1x + a2y). By subtracting the reference linear
phase, we finally obtain the desired imprinted phase
φ(x, y).
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